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The structure and products of the two cistrons encoding the Escherichia coli
heat-labile toxin (LT) were studied. The LT deoxyribontucleic acid (DNA) region
had been isolated as part of a DNA fragment from the plasmid PI307, and this
fragment was joined to the cloning vector pBR313. Deletion mutations of various

lengths were introduced into the LT DNA region and into the adjacent DNA
sequences. Analysis of the deletions indicated that the maximum size of the LT
DNA region was 1.2 x 10' daltons. Two proteins of 11,500 daltons and 25,500
daltons had been shown to be encoded by the LT DNA region. TI'he functions of
these LT gene products were investigated. The 11,500-dalton protein had an

adsorption activity for Y-1 adrenal cells, and this protein was shown to folim
aggregates of four or five nmonomers. The 25,500-dalton protein was shown to
have an adenylate cyclase-activating activity. The two cistrons encoding for each
of the LT proteins have been located on a genetic map of the LT DNA region.
Both cistrons are probably transcribed froimi the same promoter.

Escherichia coli that cause a cholera-like dis-
ease in humans and farm animals elaborate two
distinct enterotoxins (15). One toxin shares par-
tial immunological identity with the enterotoxin
produced by Vibrio cholerae (2, 14). This E. coli
toxin is known as the heat-labile toxin (LT), and
it also shares several biochemical properties with
cholera toxin, including its mechanism of action
(10, 11). Although LT has been studied for the
past 10 years, the molecular nature of this toxin
has largely remained an enigma. We reasoned
that it would simplify a complex problem to
study LT in a defined genetic system. The LT
DNA region was known to be a part of large,
transmissible plasmids, and these plasmids could
be transferred from wild-type E. coli into the
extensively characterized F. coli K- 12 strain
(22). However, the plasmids that encode LT are
large, at least 50 x 10' daltons in mass (23).
These plasmids have a coding capacity for about
100 average-size proteins (30,000 daltons per pro-
tein). An ideal situation would be to isolate the
LT DNA region on a small carrier plasmid and
to introduce this genome into E. coli K-12.
So et al. (24) used molecular cloning to isolate

the LT DNA region on a 5.8 x 10'3-dalton DNA
fragment and inserted it onto the carrier plasmid
pBR322. E. coli carrying the cloned toxin were
found to be hypertoxin producers due to the
amplification of the LT DNA region. Dallas and
Falkow (4) identified two LT gene-encoded pro-
teins by analyzing the cloned LT DNA region in

minicells. In this communication, we described
the localization of the LT cistrons on a genetic
map of the LT DNA region. We have deter-
mined that the maximum size of the LT DNA
region is 1.2 x 10' daltons. We also present data
that corroborate our ear-lier report on the molec-
ular nature of LT, and we describe several prop-
erties of the LT components.

MATERIALS AND METHOI)S
Bacterial strains and plasmids. All strains uised

were derivati-ves of E. co/ilK-12. CGOO is thr let thi lac
sul)E. 1)S410 is thr thi mninA millB rlpsL. EWI)D:0 is
a recomblinant p)lasmid that encodes LT synthesis anti
anmpicillin resistance (24). pBR:31.3 and plBR322 encode
for ampicillin resistance and tetracycline resistance
(1).

Isolation of plasmid D)NA. I'lasmi(d DNA was
isolate(d as described hb So et al. (24).

Restriction enzyme reactions. All restriction enl-
zvnmes wer-e obtained from Miles Laboratories, and
comlplete (ligestion coinlitions were perfornmed as spec-
ified by the supplier. I'artial plasmid digest reaction
conditions were determined empiricallv anid varied
with the enzyme batch. I'artial digests were obtained
by varying the time, tenmperature, enzyme conicentra-
tioIn, an(i D)NA concentration of the reactionl Mixture.
DNA gel electrophoresis. Vertical agarose gels

were runi according to the methodl (lescribe(d by, Gireenie
et al. (1.3). Vertical gels of polyacrvlamide were formiied
with :30% acrvlamide and(i 0,.83'% N,N'-methvlene-hisac-
rylami(ie (Biorad) and were polymerized accor(ding to
the method described hb Laernnli (17). Gels were

85X(



LT' CISTRONS 851

electrophoresed at 120 V in Tris-borate buffer (89 mM
Tris base, 2.5 mM EDTA, 89 mM boric acid) and
stained in a 25-tig/ml solution of ethidium bromide.
T'he molecular mass of specific DNA fragments was
determined using EcoRI-cleaved F plasmid DNA (E.
Ohtsubo, personal communication) and HindIII-
cleaved simian virus 40 DNA (19) as standards.

Ligation conditions. Polynucleotide ligase from
bacteriophage T4-infected cells was a gift from H. W.
Boyer. Ligation reaction conditions were as described
by So et al. (24). The restriction enzymes EcoRI,
BamHI, and HindIII make staggered DNA strand
breaks, and the DNA fragments have unpaired, com-
plementary bases at each end. Ligation reactions using
these cohesive-ended DNA fragments were carried out
at 13°C for 18 h. The restriction enzymes HpaI and
HinclI make DNA strand breaks that produce frag-
ments in which all nucleotides are base paired. Liga-
tion reactions using these flush-ended fragments were
carried out at 20°C for 18 h (20).
Transformation. Plasmid DNA was introduced

into bacterial strains according to the method de-
scribed by Lederberg and Cohen (18).
Toxin determination. The assay for LT activity

was essentially as described by Donta et al. (5).
Minicell preparation. Minicells were isolated and

proteins were radioisotopically labeled according to
the method described by Dougan and Sherratt (6).
Polyacrylamide gel electrophoresis. Polyacryl-

amide protein gels were prepared according to the
method of Laemmli (17). Typically, 10 to 15% linear-
gradient sodium dodecyl sulfate (SDS)-polyacryl-
amide gels were prepared. Gels were developed at 20
mA for 2 h and then 30 mA for the remainder of the
electrophoresis. Current was constant. After staining
the gels were dried onto Whatman 3MM filter paper,
and Kodac X-Omat R film was exposed for from 3
days to 3 weeks at room temperature. Molecular mass
standards were phosphorylase b (rabbit muscle),
100,000 daltons; catalase (beef liver), 58,500 daltons;
alcohol dehydrogenase (horse liver), 41,000 daltons;
DNase I (bovine pancrease), 31,000; RNase A (bovine
pancrease), 13,600 daltons (Boehringer). Cholera toxin
(Schwarz/Mann) was also used as a standard.
Adenylate cyclase-activating activity. Extracts

of E. coli harboring various plasmids were prepared
as outlined by Evans et al. (7). Pigeon erythrocyte
lysate assays were performed as described by Gill and
King (11). Sizes of the enzymatically active proteins
were determined by fractionating the polymyxin ex-
tracts on polyacrylamide gels. Proteins in the extract
were precipitated by ammonium sulfate (75%) and
redissolved in 0.5% SDS-5 mM dithiothreitol. A vol-
ume corresponding to about 10 ml of the original
culture was mixed with dansylated myoglobin (12) and
fractionated on a 7.5 to 15% SDS-polyacrylamide gel
(17). The positions occupied by dansylated myoglobin
(17,000) and myoglobin dimer (34,000) were marked
under UV illumination. The interval between these
markers was excised and sliced into 21 1-mm segments.
Each slice was soaked overnight in 0.2 ml of saline
containing 0.1% ovalbumin and 2 mM dithiothreitol.
The extracts were assayed for their ability to activate
adenylate cyclase by incubating 5 tl for 30 min at 25°C

with 45 )ul of a freshly prepared pigeon erythrocyte
lysate supplemented with 5 mM nicotinamide adenine
dinucleotide, 5 mM ATP, and 0.025% SDS (12). The
positions marked for subunit A and fragment Al of
cholera toxin were obtained by alignment with parallel
gel tracks that were stained, a procedure that is un-
certain to about one half a slice.

Guidelines employed for recombinantDNA ex-
periments. The experiments reported here were per-
formed using P2-EK1 conditions as specified in the
Guidelines for Recombinant DNA Technology pub-
lished by the U.S. National Institutes of Health.

RESULTS

Isolation of EWD020. The cloned LT DNA
region was recloned from EWD030 into the
larger cloning vehicle pBR313 (Fig. 1). EWD030
and pBR313 were cut with BamHI, and the
DNA fragments were mixed and joined by T4
ligase. The ligation mixture was used to trans-
form C600, and ampicillin-resistant (Apr), tetra-
cycline-sensitive transformants were identified.
These transformants were assayed for LT pro-
duction using the Y-1 adrenal cell system. Plas-
mid DNA was isolated from several LT' trans-
formants, the DNA was cleaved with BamHI,
and the DNA fragments were separated on a
0.7% agarose gel. The identity of the cloning
vehicle moiety of the LT' plasmids was easily
determined since pBR313 was 5.8 x 106 daltons
in mass and pBR322 (the cloning vector portion
of EWD030) was 2.6 x 10" daltons in mass (1).
A plasmid composed of pBR313 and the cloned
LT DNA region (5.8 x 106 daltons) was isolated
and designated EWD020 (Fig. 1). EWD020 had
two EcoRI recognition sites: one in pBR313 and
one in the cloned DNA. The insertion orienta-
tion of the cloned DNA in pBR313 could be
determined since the two EcoRI sites were lo-
cated asymmetrically (Fig. 1). Recombinant
molecules containing both orientations of the
cloned DNA were identified. It was found that
the LT phenotype was expressed regardless of
the orientation of the cloned DNA in pBR313.
This result suggested that the LT cistrons were
transcribed from their original promoter.

Isolation of deletion derivatives of
EWD020. A more precise location of the LT
cistrons on EWD020 was determined by analyz-
ing deletion derivatives of the plasmid. Specific
DNA fragments were deleted from EWD020,
and the effects of the deletions on the expression
of the LT cistrons were determined. The restric-
tion enzyme HpaI cut EWD020 into two frag-
ments (Fig. 1). The smaller fragment (3.0 x 106
daltons) could be deleted from the plasmid with-
out affecting the expression of ampicillin resist-
ance or plasmid replication (1). EWD020 was
cleaved with HpaI, the fragment ends were

VtOL. 139, 1979



852 D)ALLAS, GILL, ANI) FALKOW
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FIG. 1. Diagranm showing the der'itation of EWD022. The heavy line denotes cloned LT DNA from P307,
and the light line denotes cloning uehicle DNA. The 5.8 x 10'-dalton I)NA fiagment from ED,'ODO30 was
recloned into pBR31.3. This hybrid plasmid was designated EWD020. The small HpaI DNA fragment of
EWD02() was deleted using Hpal to form the plasmid EWD022, which was fouindl to encode LT. The DNA
recognition site for HincHI is contained in the DNA recognition site for Hpal; therefore, all HpaI recognition
sites are cleaved by HincIl.

joined by T4 ligase, and the ligation mix was

used to transform C600. Plasmid DNA was iso-

lated from 10 Ap' transformants, the DNA was
cut with HpaI, and the DNA fragments were
separated on a 0.7%r.. agarose gel. Nine of the
transformants had a deletion of the 3.0 x 10"3-
dalton HpaI fragment. The deletion plasmid was
designated EWD022 (Fig. 1), and strains carry-
ing the plasmid were found to synthesize LT by
the Y-1 adrenal cell assay system.
The restriction enzyme HinclI cleaved

EWD022 into eight fragments (Fig. 2). The mo-

lecular masses of the fragments were 2.30 x 10',
1.90 x 10", 1.65 x 103, 1.55 x 103, 0.61 x 10"3, 0.47
x 106, 0.19 x 10', and 0.16 x 10"3 daltons, respec-

tively. Two HincIl sites were known to be lo-
cated in the cloning vehicle (1). Specific HinclI
DNA fragments were deleted from EWD022 by
making partial plasmid digests. EWD022 DNA

fragments composed of two or more contiguous
HinclI fragments were generated by altering the
HinclI enzyme reaction conditions. The partial
plasmid digests were ligated and transformed
into C600. Deletion plasmids were identified by
isolating plasmid DNA from Ap' transformants,
cutting the DNA with HinclI, and separating
the DNA fragments on a 7M polyacrylamide gel.
The four deletion plasmids shown in Fig. 2 were

identified among 80 Apr transformants that were
screened. E. coli carrying EWD235 were found
to be LT', and the plasnmid had a 1.9 x 10'3-
dalton DNA fragment deleted. Strains carrying
the plasmids EWD200, EWD210, and EWD247
were all phenotypically LT EWD200 had 0.47
x 1I- and 0.19 x 10"3-dalton fragments deleted,
EWD210 had a 0.16 x 10)-dalton fragment de-
leted, and EWD247 had 1.9 x 106- and 0.61 x
10W-dalton fragments deleted.

HI
EcoRI

*Bam Hi

Bam HI
EcoRI
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FIG. 2. HincII cleavage of EWD022 and HincII
deletion plasmids. Plasmid DNA was purified, cut
with HincII, and electrophoresed through a vertical
7%o polyacrylamide gel: (A) EWD247, (B) EWD235,
(C) EWD200, (D) EWD210, (E) EWD022. The + or

- indicates whether the plasmid encoded functional
LT as assayed in the Y-1 adrenal cell test. All plas-
mids were constructed from EWD022 by deleting one

or more HincII DNA fragments.

Similarly, HindIII-generated DNA fragments
were also deleted from EWD022. Two unique
deletion plasmids were isolated. C600 carrying
the plasmid EWD300 were phenotypically LT+,
and C600 carrying EWD306 were phenotypically
LT-. EWD300 had a 1.7 x 106-dalton fragment
deleted and EWD306 had a 2.5 x 106-dalton
fragment deleted. The HincIl and HindlIl rec-

ognition sites were located on EWD022 and are

schematically shown in Fig. 3.

Only two deletion plasmids derived from
EWD022 converted C600 to the LT' phenotype.
EWD235 had a 1.9 x 106-dalton HincII fragment
deleted, and EWD300 had a 1.7 x 106-dalton
HindlIl fragment deleted. These two DNA frag-
ments did not overlap each other. A plasmid in
which both of these fragments were deleted
would result in an LT' plasmid which contained
only 1.2 x 106 daltons of cloned DNA. EWD235,
which contained three HindIII sites, required
only a deletion of the 1.7 x 106-dalton HindlIl
fragment to form such an LT' plasmid. Conse-
quently, EWD235 was cut with HindIll using
enzyme reaction conditions that made partial
plasmid digests, and the DNA fragments were
ligated with T4 ligase. EWD235 also contained
a single BamHI site that was located in the 1.7
X 106-dalton HindIII DNA fragment. Plasmids
with this DNA fragment deleted would not be
linearized after digestion with BamHI. Since
linear molecules transform at 1/100 to 1/1,000
the frequency of circular DNA molecules (3),
cleavage of the ligated molecules with BamHI
would be expected to increase the frequency
with which deletion plasmids were isolated from
a transformant population. The ligation mixture
from the HindIII partial digestion experiment
was cut with BamHI and then used to transform
E. coli C600. A plasmid was isolated that con-
tained only the cloning vehicle and the 1.2 x
106-dalton LT DNA region. This plasmid,
EWD299, converted C600 to the LT' phenotype.
EWD299 was shown to have two EcoRI rec-

ognition sites and two HindIII recognition sites.
A further deletion of EWD299 was made by
deleting the DNA bounded by the two EcoRI
sites using methods that already have been de-
scribed. This new plasmid was phenotypically
LT- and was designated EWD500. Likewise, the
DNA bounded by the two Hindlll sites in
EWD299 was deleted; the plasmid generated
was also phenotypically LT-, and it was desig-
nated EWD501. Figure 4 is a schematic diagram
that identifies the relative position of each dele-
tion and indicates whether strains carrying a
specific plasmid synthesize LT.

Effects of plasmid deletions on LT
expression. We recently reported LT to be a
multimeric toxin composed of two proteins of
25,500 daltons (25.5K) and 11,500 daltons
(11.5K) (4). Plasmid deletions that did not affect
LT expression would not be expected to affect
either of these two proteins, but deletions that
did affect LT expression might be expected to
affect one or both of these proteins. The effect
of a given deletion on the LT proteins could be
established by analyzing plasmid-specified pro-
teins in minicells (8) (Fig. 5). It was found that
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eCO B

-14

C \X

HindEI
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Hinc 1I
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FIG. 3. Diagram of restriction enzyme recognition sites in EWD022. The solid line represents DNA from
the cloning vehicle, pBR313. The vatvy line denotes DNA cloned from P307. The crossed line denotes that
region of the cloned DNA that contained the LTDNA region. Deletions that extended into this regioni resulted
in the loss of the LT' phenotype.

A 22 + '-A'A

A300+4

A200- I9,

ZA 50 - II

A299 +

A240- H

A 2997

A306- __

A235+

FIG. 4. Diagram showing the relative positions of deletions in E WD022. Generation of the deletion plasmiild
derivaties is explained in the text. The designation for each plasmid is showtin on the far left ond the + or
- indicates whether the plasmid encoded functional LT. Only the DNA fragmiient originally cloned fiom P307
i.s shown. Deleted regions are shown by solid lines, and restriction enzyme recognition sites ore also shown.
The LT DNA region u'as found to be located between the dotted lines. This region is 1.2 x 10" daltons in
mass.
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all LT' plasmids encoded the 11.5K protein but
none of the LT- plasmids encoded this protein
(Table 1). It was not possible to make such a

direct determination for the 25.5K protein. The
presence of this protein was usually obscured on

the autoradiographs by the presence of ,B-lac-
tamase, another plasmid-specified protein,
which has a molecular mass of 26K (6). Careful
analysis of the proteins specified by the LT'
plasmids revealed that all LT' plasmids also
encoded a 21.5K protein (Fig. 5). The effect of a

deletion on the 25.5K protein was determined
by assaying for adenylate cyclase-activating ac-

tivity. Gill et al. (10) had demonstrated that
crude LT preparations had an adenylate cyclase-
activating activity. Extracts were prepared from
strains carrying LT' or LT- deletion plasmids,
and the samples were tested in pigeon erythro-
cyte lysates for adenylate cyclase-activating ac-

tivity (Table 2). All LT' plasmids were found to
encode an adenylate cyclase-activating activity.
In addition, several of the phenotypically LT-

FIG. 5. Autoradiograph of a polyacrylamide gel
containing minicell plasmid proteins encoded by the
deletion plasmids. Minicell samples were prepared
as described in the text and all samples were fully
denatured by boiling in 0.3% SDS in the presence of
3% 8-mercaptoethanol: (A) EWD300, (B) EWD200,
(C) EWD210, (D) EWD299, (E) EWD247, (F)
EWD306, and (G) EWD235. Two proteins of masses
21.5K and 11.5K were always encoded by LT' plas-
mids.

TABLE 1. Properties encoded by deletion plasmids

Plasmid 11.5K pro- Toxin test Adenylate
tein cyclase test

EWD235 + + +
EWD306" - - -
EWD247Q - - -
EWD300 + + +
EWD2005 - - +
EWD500b - - +
EWD210 - - +
EWD501h - - -
EWD299 + + +

LT- plasmids with deletions extending from the
right into the LT DNA region (Fig. 4).

h LT-- plasmids with deletions extending from the
left into the LT DNA region (Fig. 4).

TABLE 2. Plasmid-encoded adenylate cyclase-
actiuating activity

Plasmid Activity equivalent
(ng of cholera toxin)'

EWD022 30
EWD299 45
EWD235 10
EWD306 0
EWD247 0
EWD300 60
EWD200 15
EWD500 15
EWD210 540
EWD501 0
pBR313 0

'Amount of cholera toxin (nanograms) that would
have given the same enzymic activity as the LT re-
leased from 50 ml of culture.

plasmids were also shown to encode for an ade-
nylate cyclase-activating activity. An estimate of
the molecular mass of the protein with an ade-
nylate cyclase-activating activity was deter-
mined by resolving the proteins in the LT ex-
tracts on SDS-polyacrylamide gels, fractionating
the gels, and assaying each fraction for adenylate
cyclase-activating activity (Fig. 6). Two peaks of
activity were found. One peak corresponded to
a protein of 25.5K, and the other (minor) peak
corresponded to a protein 21.5K in mass. These
results suggested that the 25.5K protein had an
adenylate cyclase-activating activity.
Aggregation of the 11.5K protein. Minicell

protein preparations were fully reduced and de-
natured before electrophoresis. When samples
from minicells carrying EWD299 were not fully
denatured before electrophoresis, a new protein
band was observed on autoradiographs (Fig. 7).
The new band migrated at an apparent molec-
ular mass of 49,000 daltons. Concomitant with
the appearance of this band, the intensity of the
band at 11.5K decreased. This result suggested

VOL. 139, 1979
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plasmid, EWD299, was introduced into mini-
cells, and the plasmid-encoded proteins were
radioisotopicallNv labeled. Two proteins of molec-
ular mass 25.5K and 11.5K were found to react
specifically with anti-LT serum. The two LT
proteins were also found to react with anti-chol-
era toxin serum and anti-cholera toxin subunit
B serum (4). 'IThese results indicated that LT
was a multimeric protein composed of a 25.5K
subunit and an 11.5K subunit. The data also
indicated that LT formed a stable complex of
the two subunits inside the cell (a cytoplasmic
and periplasmic minicell fraction was used in the
experiment). The 11.5K protein was found to be
present in greater amounts than the 25.5K pro-
tein, as judged from the band intensities on the
autoradiographs. This could be explained if the

FIG. 6. Adeanylate cyclase- actitating a(ticity pro-
file of on extract from a strain carrying EWD299.
AdenYlate cyclase activitY u-os fractionated and as-
saved as described in the text. Myoglobin (Mb) and
itts clime- form [(Mb)21/ wiere used as molecular mass
markers. The inset shows the stained gel before slic-
ing. 7'he wells marked CT (cntain cholera toxin
either totallv denatured or partially den atured. The
letter deesignations are as follotws: (5B) fite aggre-
gated B subunits; (A) unreduced subunitA; (AJ fully
r-educe(d subunit A enzYmatically activle species; (B)
ftully di'saggregated subulnit B.

that the 11.5K protein formed aggregates of four
or five monomers that were stable in 0.3% SDS
at room temperature.

DISCUSSION
The LT DNA region had been isolated by

molecular cloning as part of a 5.8 x 1013-dalton
DNA fragment (24). To determine the size of
the LT gene(s), we first reduced the size of the
cloned LT DNA. By using in vitro deletion tech-
niques, the cloned LT DNA was reduced in size
from 5.8 x 10'3 daltons to 1.2 x 10'3 daltons. This
small DNA fragment had a coding capacity for
proteins of total mass of 60,000 daltons. Plasmids
were also isolated which no longer encoded func-
tional LT as measured with Y-1 adrenal cells. It
was not known whether these deletion plasmids
had an intact structural gene(s) and were mu-
tated in controlling elements or whether they
had a deletion in the LT structural gene(s).
The proteins encoded by the LT cistrons had

been identified using an antiserum prepared
against a crude LT preparation (4). An LT'

Fo(;. 7. Autoradiograph of a polvacrvlamide gel
con taining minicell plasmid protein either fully de-
natured or partially denatured. Minicell samples
were prepared as described in the text. Half of each
sample was boiled for 3 min in final sample buffer
(fully denatur-ed), and the other half was tr-eated at
rooni temperature with a final sample buffer- that did
not contain /3-mercaptoethanol (partially denatured):
(A) pBR313, fullv denatur-ed; (B) pBR313, partiallv
denattured; (C) E WD299, fully dlenatur-ed; (D)
EWDID299, partially denatured. Tracks E and F con-
tain a cytoplasmic-periplasmnic minicell fraction: (E)
E WI299, fullcdcen a turecl; (F) E VVI)299, par tia lly ce/-
n aturecd.

J. B4AC'TERtIOL.
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11.5K protein incorporated more radioisotope or
if more of the 11.5K protein was synthesized as

compared to the 25.5K protein. LT could be
composed of several 11.5K proteins for every

25.5K protein, a situation identical to cholera
toxin (9). Mild denaturing conditions (SDS at
room temperature) dissociate subunit B from
cholera toxin as a multimeric aggregate. When
cytoplasmic LT' minicell fractions were treated
at room temperature with SDS, a new band
appeared on the autoradiographs at an apparent
mass of 49,000 daltons. Concomitant with the
appearance of this band, the intensity of the
11.5K band decreased. This result suggested that
the 11.5K protein formed a stable aggregate of
four or five monomers and that the native toxin
might be composed of five 11.5K proteins and
one 25.5K protein-a structure similar to cholera
toxin (9). An assay that requires the function of
both cholera toxin subunits is the Y-1 adrenal
cell system. In this assay, subunit B binds the
holotoxin to the target cell membrane and sub-
unit A activates adenylate cyclase (11). The net
result is rounding of the tissue culture cells. If
the 11.5K protein were functionally analogous
to cholera toxin subunit B, plasmids that did not
encode the 11.5K protein would not be expected
to encode a Y-1 cell-rounding activity. This was

indeed found to be the case (Table 1). These
data and data presented elsewhere (4) indicated
that the 11.5K protein was structurally, func-
tionally, and immunologically similar to cholera
toxin subunit B. We consistently noted, how-
ever, that the mass of the LT protein was 500
daltons larger than cholera toxin subunit B.
Similarly, a 25.5K protein was identified that
was functionally similar to cholera toxin subunit
A. However, unlike cholera toxin subunit A, the
25.5K protein was not split into two peptides in
the presence of,-mercaptoethanol (at least not
quantitatively). A 21.5K protein that also had
an adenylate cyclase-activating activity was

LT CISTRONS 857

identified. This protein is probably a breakdown
product of the 25.5K protein (either by proteol-
ysis or reduction). It is possible that a small
peptide released from the 25.5K protein was not
discerned on our polyacrylamide gels. In sum-
mary, our results indicated that cholera toxin
and LT share structural similarities. An LT com-
posed of five 11.5K proteins and one 25.5K pro-
tein would have a molecular mass of 83,000
daltons. A comparison of cholera toxin and LT
properties is summarized in Table 3.
A model showing the arrangement of the LT

proteins on a schematic diagram of the LT DNA
region is presented in Fig. 8. Deletions extending
into the LT DNA region from the right abolish
both toxin activity and adenylate cyclase-acti-
vating activity (Table 1). These results are con-
sistent with the location of a common LT pro-
moter on the right side of the LT DNA region.
A deletion of the promoter would prevent tran-
scription of both proteins. When the left end of
the LT DNA region is deleted, the 11.5K protein
is no longer synthesized (Table 1; plasmids are
arranged in order of increased deletion of the
left end of the LT DNA region). Deletions ex-
tending further into the LT DNA region abolish
adenylate cyclase-activating activity. These re-
sults are consistent with the location of the
25.5K protein-encoding cistron proximal to the
promoter.
The similarities between cholera toxin and LT

..

11.5 25.5 promnote,
diirectior of trcnscriptiorn

FIG. 8. Diagram of the LT DNA region. The ap-
proximate position of the cistrons for the LTproteins
is shown, and the relative position of the promoter
for the LT cistrons is indicated.

TABLE 3. Properties of cholera toxin and LT
Protein Property Cholera toxin LT

Entire Molecular mass 84,000 Predicted to be 83,000

Subunits
A Mass 28,000 25,500

Secondary structure 24,000 and 5,000 polypeptides None
linked by a disulfide bond

Activity Adenylate cyclase activating Adenylate cyclase activating
B Mass 11,000a 11,500

Immunogenicity + +
Activity Adsorption Adsorption
Aggregate formation 5 molecules 4-5 molecules

"The primary amino acid sequence has been determined and the compositional molecular mass is 11,590
daltons; however, this protein migrates at an apparent molecular mass of 11,000 daltons in our gel system (16).
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pose an intriguing question. Did E. coli and V.
cholerae at one time exchange genetic informa-
tion? We now have the genetic knowledge and
technology to answer this question. If the bac-
teria did exchange toxin determinants, there
should be DNA sequence homiology between the
two toxin genes. Using DNA fragments from
only the LT DNA region as hybridization
probes, the relatedness of the toxin genes can be
determined. The amino acid sequence of cholera
toxin subunit B has been determined (16). Now
that the 11.5K LT cistron has been located, the
primary structure of the 11.5K protein can be
determined by nucleotide sequencing, and a di-
rect comparison of the primary structure of the
two proteins should be possible.
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